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AReaxFF reactive force field training set has been developed for the thermal decomposition
of hydroxylammonium nitrate (HAN). The training set consists of geometries, partial atomic
charges, and energy barriers for a number of reactions relevant toHAN thermal decomposition.
Geometries and partial atomic charges were calculated in both the gas phase and in solution at
the M06-2X/aug-cc-pVTZ level of theory. The SMD-GIL solvent model was used to approxi-
mate a high concentration of HAN in solution. Transition states for elementary reactions were
found at the GIL/ωB97X-D/6-311++G** level of theory. An important autocatalytic pathway
for the regeneration of HONO in HAN decomposition is discussed. The training set from
this work can be used to train a ReaxFF force field capable of conducting reactive molecular
dynamics simulations of HAN thermal decomposition.

I. Introduction
Hydroxylammonium nitrate (HAN) has been of interest recently as a component of novel green propellants. The high

energy density and low vapor toxicity of HAN makes it an attractive candidate to replace hydrazine as a monopropellant
[1]. It has been suggested that the hydrogen bonding which occurs due to the hydroxyl group on the cation decreases
the vapor pressure, as well as enhancing water miscibility and increasing the boiling point [2]. HAN in the solid state
is unstable, but it is readily dissolved in H2O, where it can dissolve at a concentration of up to 95% by weight with
a stoichiometry of up to six HAN molecules to one H2O molecule [3, 4]. At high concentrations, the properties of
HAN-water mixtures resemble the properties of molten salts [2].

The thermal decomposition of HAN has been studied at length both experimentally and theoretically. Oxley and
Brower proposed two global reactions based on experimental observations [5]:

4 HAN −−−→ 3 N2O + 2 HNO3 + 7 H2O

3 HAN −−−→ N2O + N2 + 2 HNO3 + 5 H2O
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Their commonly cited reactions are composed of both elementary and complex reactions:

HAN −−−⇀↽−−− NH2OH + HNO3

NH2OH + HNO3 −−−→ NOH + HONO + H2O

NH2OH + HONO −−−→ N2O + 2 H2O

NH2OH + HNO −−−→ N2 + 2 H2O

HNO + HNO3 −−−→ 2 HONO

Later experiments have also observed NO and NO2 products [2, 6]. The advancement in computational chemistry
methods opened up the possibility of exploring elementary reaction steps in considerable detail. Raman et al. performed
B3LYP/6-311G(2d,d,p) and CBS-QB3 calculations of geometries and energies, respectively, for hypothesized HNO2
autocatalytic and scavenging reactions in aqueous nitric acid using the IEF-PCM implicit solvation model [7]. They
proposed an intermediate of NH3ONO+ in the scavenging reaction of nitrous acid. Izato et al. performed a similar
study of aqueous HAN using the ωB97X-D/6-311++G(d,p) level of theory for geometries and frequencies, again with
CBS-QB3 energies and PCM solvation model [8]. They identified reaction pathways for the initial decomposition
from the ion-neutral reaction of NH3OH+ with HNO3, the neutral-neutral reaction of NH3O with HNO3, and two
self-decomposition mechanisms for HNO3. These mechanisms all produce HNO2, HNO, and H2O and their relative
importance depends on the initial concentrations of the species. Additionally, six catalytic mechanisms were proposed,
with no clear autocatalytic pathway identified.

Zhang and Thynell built upon previous studies to develop a detailed mechanism for the thermal decomposition
of aqueous HAN [9]. They used the ωB97X-D/6-311++G** level of theory, while using the newer SMD solvation
model instead of IEF-PCM. In addition to reactions which lead to the formation of HONO and HNO, and HONO
scavenging/autocatalytic reactions, they included reactions describing the homolytic dissociation of several species to
explain the evolution of NO2 and NH2O. They proposed that autocatalysis is not primarily due to the accumulation of
nitrous acid as previously hypothesized, but rather due to the rise of solution acidity [9].

Atomistic modeling using molecular dynamics (MD) has proven a valuable tool to investigate time and length
scales not accessible by quantum mechanical and experimental techniques. In this work, we extend previous theoretical
investigations of HAN in order to develop a training set of data which can be used to parametrize a ReaxFF force field
capable of modeling HAN thermal decomposition. The paper is organized as follows: Section II provides background
into the ReaxFF methodology and describes the DFT techniques used, Section III presents in detail some of the density
functional theory (DFT) data generated for the training set, and Section IV contextualizes the data and discusses future
work.

II. Theoretical Methods

A. ReaxFF: Reactive Molecular Dynamics
ReaxFF is a formalism designed to model reactive and non-reactive interactions between atoms [10]. Fundamentally,

it is a bond-order potential with application to molecular dynamics (MD) simulations. ReaxFF differs from potentials
used in classical MD methods in that it does not use a fixed connectivity assignment between atoms, but instead allows
bonds to form and break implicitly based on the chemical environment. The polarization of charges within molecules is
considered via the electronegativity equilibration method (EEM) developed by Mortier et al. to calculate partial atomic
charges [11]. In this way, ReaxFF can model both covalent and electrostatic interactions, enabling the study of reactions
in a dynamic environment. An excellent overview of ReaxFF is given in [12], which highlights the evolution of the
method since it was first introduced by Van Duin in 2001 [10].

The total potential energy of a system in ReaxFF is the sum of a number of partial energy terms as shown in Eq. 1.

Esystem = Ebond + Eover + Eunder + Eval + Etors + Elp + Ecoa + Econj + EH−bond + EvdWaals + ECoulomb (1)

Nomenclature for these terms is adopted from [13], where their full functional forms are described in the supporting
information of that paper. All terms except for EvdWaals and ECoulomb are functions of bond order. The bond order
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BOi j between a pair of atoms is a function of interatomic distance ri j and is further decomposed into contributions from
sigma, pi, and double pi bonds as in Eq. 3.

BOi j = BOσ
i j + BOπ

i j + BOππ
i j (2)

= exp
[
pbo,1

( ri j
rσ0

)pbo,2
]
+ exp

[
pbo,3

( ri j
rπ0

)pbo,4
]
+ exp

[
pbo,5

( ri j
rππ0

)pbo,6
]

(3)

The pbo and r0 terms are empirical parameters which are included in the force field. The form of Eq. 3 can capture
the long-distance covalent interactions found in transition states, but it also leads to overcoordination of non-bonded
neighbors. Correcting for overcoordination, the corrected bond orders are then used to calculate other terms in Eq. 1.
The bond energy Ebond can then be computed directly from bond order and additional empirical parameters. If the
corrected bond order is greater than the number of bonding electrons, then the atom is overcoordinated and an energy
penalty Eover is imposed, taking into account the atom’s number of lone pairs. Similarly, an undercoordinated atom
which exhibits pi bond character with neighboring atoms will have an energy contribution Eunder due to resonance
of the π-electron. The Eval and Etors energies account for valence and torsional angle strains, respectively. ReaxFF
assumes each atom type has an optimal number of lone pairs, imposing an energy penalty Elp as lone pairs are broken
up with increasing coordination. Conjugation effects are considered for three body (Ecoa) and four body (Econj)
conjugation. The three body conjugation was added later [14] in particular to describe increased stability due to –NO2
group conjugation. The hydrogen bond term EHbond is also bond-order dependent. The non-bonding terms EvdWaals

and ECoulomb specify energy contributions from dispersive and electrostatic interactions and are calculated between all
atom pairs regardless of connectivity and bond order, leading to independence of the bonding and non-bonding terms.
A shielding term is applied to these non-bonding interactions to limit excessive influence at short distances.

B. Training of ReaxFF Parameters
Each of the terms in Eq. 1 is a function of multiple empirical parameters in addition to the bond order for the

bonding terms. Some empirical parameters have a direct physical interpretation, while others are simply prefactors or
exponential factors. In the literature and in this work, the terms “force field" and “parameter set" are interchangeable
and refer to the text file read in by the ReaxFF program which contains the many empirical parameters used in the
interatomic potential functions. The force field parameters must be fit to a training set of quantum chemical (QC) or
experimental data applicable to the system of interest. Since 2005, parameter sets have been developed to describe
a number of elements on the periodic table. As these parameter sets were derived from the stable 2005 ReaxFFRDX

formalism, Senftle et al. depict the different parametrizations as “branches" on a development tree [12]. Splitting the
development into branches works not only to characterize the parametrizations which have been implemented, but also to
emphasize that generally, transferring parameters across branches will not work without extensive refitting. The ReaxFF
parameters were designed to be general enough to describe interactions across many chemical environments—including
ones for which it had not been explicitly trained—however this transferability is limited. For instance, the 2008-C/H/O
combustion force field can describe gas-phase water molecules correctly but fails to describe water in the liquid phase,
which led to the development of the aqueous branch [15].

Data included in a ReaxFF training set consist of: geometries, partial atomic charges, cell parameters (for bulk
solids), and energies. In the geometries section, equilibrium bond lengths, valence angles, and torsion angles can be
specified for any combination of atoms in a given structure. Partial atomic charges are given on a per-atom basis in
the structure. By default, the charge equilibration scheme in ReaxFF assumes the system is charge-neutral, however,
an effective “molecular charge" can be specified. The cell parameters section accepts equilibrium lattice parameters
for the bulk solid. The section for energies is the most general and also provides the most flexibility for incorporating
experimental and QC data. Each entry in the energies section contains references to two structures such that the energy
difference between them can be compared to a specified value. Energies of reaction can be included by specifying the
difference in energy between reactants and products for a particular reaction. Additionally, barrier heights or portions of
the potential energy surface of a specific pathway can be included using this scheme.

The force field training procedure is an optimization problem, where the variables are the parameters in the force
field and objective function is the sum of the squared differences (i.e. error) between values of properties entered in
the training set and the values as determined by ReaxFF. The size and nonlinearity of this optimization problem—in
addition to the large number of empirical parameters in the force field—subjects ReaxFF training to the possibility of
overparametrization. Inclusion of too many specific or too highly-weighted properties may restrict transferability of the
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force field. Additionally, a small change to the force field parameters may have large unintended consequences. For this
reason, extensive cross-validation and testing is necessary to ensure the applicability of a training set.

The analogy of the ReaxFF development “tree" is appropriate, as major branches should contain highly weighted
portions of the training set dedicated to fundamental properties of bonding interaction common to all sub-branches. For
example, the original 2001 ReaxFF hydrocarbon force field included bond dissociation energies for ethane (H3CCH3),
ethylene (H2CCH2), and ethyne (HCCH) as part of a general description of C–C single, double, and triple bonds,
respectively [10]. The foundational ReaxFF publications have applicability to high energy reactions, as ReaxFF was first
developed for hydrocarbons. This original publication included numerous bond dissociations, torsional barriers, and
barriers to isomerization for small hydrocarbons. Strachan et al. developed a ReaxFF description of RDX decomposition,
which is the current baseline for high-energy studies containing nitramines or similar species [14, 16]. It again focused on
elementary bond, angle, and torsion barriers and energies for a number of small C/H/O/N species. Many isomerization
energies were given as energy differences instead of training on the full potential energy surface. Finally, partial atomic
charges were trained for select molecules, which included water, NH3, HONO, RDX, HOCH2NH3, urea, and alanine.
Chenoweth et al. extended the previous training sets to create a force field specially tuned for hydrocarbon combustion
[17]. This involved adding a number of elementary reaction steps and mechanisms including radical chemistry. The
potential energy surface for some of these reactions was incorporated into the training set. More recent work on the
hypergolic ignition of ionic liquids with nitric acid focused on characterizing intermediate species in the combustion
[18, 19]. They built upon the existing high energy training set to add reaction pathways specific to their system,
incorporating the potential energy surface of several intermediate reactions which were not well characterized. Nearly
all of the QC data in these studies were generated from DFT calculations using the B3LYP hybrid functional.

C. Density Functional Theory Methods
All calculations were done in GAMESS, an open source general-purpose electronic structure code which contains

implementations for a number of semi-empirical, DFT, and ab initio methods [20]. The SMD solvation model was used
for solution-phase calculations. While previous studies of HAN decomposition used a water solvent [8, 9], the high
concentration of HAN in monopropellant applications results in behavior resembling a molten salt [2]. Consequently
the “generic ionic liquid" parameters of Bernales et al. were used as the solvent [21], which we refer to as the SMD-GIL
model. In the time since ReaxFF was introduced, significant advancement has been achieved in DFT methods at higher
rungs of Jacob’s ladder [22], leading to the possibility of training ReaxFF parameters on energies obtained using more
sophisticated and accurate techniques. All transition states and their associated reactants and products were optimized
using the ωB97X-D exchange correlation functional with the 6-311++G** basis set [23]. The ωB97X-D functional is a
dispersion-corrected hybrid functional and has been used with the 6-311++G** basis set in previous theoretical studies
of HAN decomposition [8, 9]. For all other calculations, the M06-2X exchange correlation functional was used with
Dunning’s aug-cc-pVTZ basis set [24, 25]. The M06-2X functional is well-characterized for general-purpose use. While
this functional is not explicitly dispersion corrected, it has been successful for dispersion interactions [26]. Additionally,
the aug-cc-pVTZ basis set is large and augmented with diffuse orbitals, useful for these interactions. Calculations of
partial atomic charges were performed using the Geodesic scheme [27]. Although the Mulliken charge scheme is by far
the most-used scheme for ReaxFF training, Rigby and Izgorodina found that it was highly basis set dependent when
applied to ionic liquids and demonstrated much better performance with the Connolly and Geodesic schemes [28].

III. Results

A. HAN Structures, Geometries, and Charges
In order to simulate thermal decomposition of HAN, a ReaxFF force field must be able to produce a stable HAN

solution at high concentration. For this reason, the NH3OH+ and NO3
– ions and their corresponding neutral species

were studied in detail at the GIL/M06-2X/aug-cc-pVTZ level of theory. Optimized geometries and partial atomic
charges are shown for these isolated species in Figure 1. The –OH group on the NH3OH+ cation is nearly neutral, while
the –NH3 group contains a net charge of approximately +1. The central nitrogen on the NO3

– anion has a charge of +1
and the remaining negative charge is uniformly distributed among the O atoms. As the NO3

– anion is protonated to
HNO3, approximately half of the proton’s charge is distributed to the O atoms. This is accompanied by a reduction of
positive charge on the central N atom as well.

In the gas phase, an isolated NH3OH+/NO3
– ion pair does not exist, as the interaction energy is not strong enough to
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(a) NH3OH+ (b) NO3 –

(c) NH2OH (d) HNO3

Fig. 1 Optimized geometries and partial atomic charges for HAN ions and neutrals at the GIL/M06-2X/aug-
cc-pVTZ level of theory

overcome proton transfer from one of the –NH3 protons to the NO3
– anion. This creates a structure of hydrogen-bonded

hydroxylamine (NH2OH) and nitric acid (HNO3). Four optimized structures were found and are shown in Figure 2.
The energies of these structures relative to the isolated neutral species are listed in Table 1. Structures 1-3 have been
previously identified in [29] and [9]. The energy differences between the structures in this study are very similar to
previous results which used a water solvent. The lowest-energy Structure 1 maximizes hydrogen bonding with both the
O atom and N atom of hydroxylamine forming H bonds with sites on the nitric acid molecule. Structure 4 differs from
Structure 2 only by rotation of the –OH group of hydroxylamine to be cis relative to the –NH2 group. There is a 2.6
kcal/mol difference in electronic energy between these structures.

Isolated HAN exists as ions when in solution. Four optimized structures containing ion pairs were found when
applying the SMD-GIL model, shown in Figure 3. Table 2 contains the energies of these structures relative to isolated
neutral species in solution—that is, NH2OH(l) and HNO3(l). The first three structures were also identified by [9] and
energy differences are again in good agreement. Notably, Structures 1-3 in the gas phase appear to have a one-to-one
correspondence to Structures 1-3 in the condensed phase. Examining the differences in energy among them clearly
shows that the GIL solvent stabilizes the ions in the presence of hydrogen bonding between the anion and the –NH3

Structure
Number

Energy
(kcal/mol)

1 -16.2
2 -12.6
3 -10.4
4 -10.0

Table 1 Electronic energies of Structures in Fig. 2 relative to isolated NH2OH(g) + HNO3(g)
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(a) Structure 1 (b) Structure 2

(c) Structure 3 (d) Structure 4

Fig. 2 Optimized gas-phase geometries for pairs of NH2OH and HNO3 at the M06-2X/aug-cc-pVTZ level of
theory

group of the cation. The partial atomic charges for the lowest-energy structure were then compared to the isolated ions.
The net charge on the cation and anion are reduced from unity to +/-0.83, respectively, indicating a small amount of
charge transfer.

Prior to decomposition, the stable HAN solution is assumed to be an equilibrium mixture of mostly ions with some
neutral species:

NH3OH+ + NO3
− ←−→ NH2OH + HNO3

In order for ReaxFF to model this equilibrium, it must be able to represent accurately the energy changes due to
proton transfer in HAN. A relaxed potential energy surface (PES) scan was performed for HAN proton transfer as
follows: on the minimum-energy Structure 1 (see Fig. 3a), a distance constraint is imposed on the N atom of NH3OH+

with respect to the H atom which is hydrogen bonded to the NO3
– . By fixing this N–H distance on NH3OH+ to

successively longer distances while relaxing the rest of the structure, the anion is protonated to yield HNO3. The
electronic energies from this PES scan are plotted in Fig. 4 up to an N–H distance of 2.0Å. No transition state is
observed, and extending the N–H distance to infinite length yields the energy of reaction ∆Erxn for this proton transfer
as +21.9 kcal/mol, which corresponds to the value for Structure 1 from Table 2.

Structure
Number

Energy
(kcal/mol)

1 -21.9
2 -17.0
3 -10.3
4 -17.8

Table 2 Electronic energies of Structures in Fig. 3 relative to isolated NH2OH(l) + HNO3(l)
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(a) Structure 1 (b) Structure 2

(c) Structure 3 (d) Structure 4

Fig. 3 Optimized condensed-phase geometries for pairs of NH3OH+ and NO3
– at the GIL/M06-2X/aug-cc-

pVTZ level of theory

B. Investigation of Decomposition Pathways
While the detailed mechanism contains a number of potential decomposition pathways, the autocatalytic pathways

involving HONO scavenging-regeneration are the most important. The results in this paper focus on a particular free
radical pathway to nitrous acid (HONO) regeneration which was identified previously in [7] and [9]. A series of steps
for this pathway follows:

HNO3 + HONO −−−⇀↽−−− ONONO2 + H2O (R1)
ONONO2 −−−⇀↽−−− 2 NO2 (R2)

NO2 + NH2OH −−−⇀↽−−− HONO + NH2O (R3)
NO2 + NH2O −−−⇀↽−−− HONO + HNO (R4)

NO2 + HNO −−−⇀↽−−− HONO + NO (R5)
NO + NO2 −−−⇀↽−−− ONONO (R6)

ONONO + H2O −−−⇀↽−−− 2 HONO (R7)
In this pathway, the production of NO2 radicals is followed by a series of hydrogen abstractions by the radicals to
produce HONO. This corresponds to a global reaction which generates 3 additional HONO molecules:

2 HONO + HNO3 + NH2OH −−−→ 5 HONO + H2O

With the exception of the unimolecular dissociation reactions R2 and R6, transition state geometries were identified
for each of R1-R7 at the GIL/ωB97X-D/6-311++G** level of theory. A vibrational analysis was performed to confirm
that each transition state contained exactly one imaginary frequency. Intrinsic reaction coordinate calculations connected
the transition states to their corresponding reactant and product structures.

Table 3 summarizes the barrier heights and reaction energies in reactions R1-R7. Here, the barrier height ∆E f

is defined as the difference in electronic energy between the transition state and the reactants, if the transition state
exists. Similarly, the reaction energy ∆Erxn is defined as the difference in electronic energy between the products and
the reactants. Note that the electronic energies are reported here and not the Gibbs free energies, as ReaxFF does not
incorporate temperature dependence in its training. Geometries for each transition state are depicted in Figure 5.
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Fig. 4 Relaxed potential energy surface scan for proton transfer in NH3OH+/NO3
– ion pair at the GIL/M06-

2X/aug-cc-pVTZ level of theory

IV. Discussion and Conclusion
A number of geometries, partial atomic charges, and structures relevant to modeling HAN were calculated using

DFT methods. In addition, transition states were found for a large number of reactions which constitute various pathways
for HAN thermal decomposition. The DFT-generated electronic energies for all reactions — in conjunction with the
geometries and charges — compose a reference data set that can be used to train and assess a ReaxFF force field. During
the training procedure, if a certain reaction or structure is observed in ReaxFF simulations which correspond to an entry
in the data set, its validity can be assessed immediately instead of requiring an expensive DFT calculation. This will
increase the efficiency of the training procedure.

Because ReaxFF does not have an implicit solvation model, it will be necessary to ensure that the behavior of
HAN structures is correctly captured in both the gas phase and condensed phase. For an isolated HAN complex, this
entails correct prediction of proton transfer based on the environment: in vacuum, the acid-base pair must be neutral
NH2OH and HNO3, while in solution, the ionic forms NH3OH+ and NO3

– should be assumed. Obtaining precise
energy differences between HAN structures as in Tables 1 and 2 is unnecessary in training, however, the ReaxFF force
field should demonstrate that the structures are stabilized by hydrogen bonding.

ReaxFF will not train on every elementary reaction step in the detailed mechanism of HAN decomposition. Relative
barrier heights for important pathways such as the autocatalytic pathway discussed in Section III.B must be qualitatively
correct, however, so that the force field does not predict an alternative pathway which is known to be less energetically
favorable. Even within a specific pathway, various isomerizations will lead to different barrier heights, making selection
of data to include in a training set even more challenging. The ideal training set will create a force field which produces

Reaction ∆E f (kcal/mol) ∆Erxn (kcal/mol)
1 10.2 3.9
2 N/A 9.1
3 9.2 -11.5
4 17.0 -0.6
5 7.4 -28.9
6 N/A 8.9
7 15.0 4.9

Table 3 Barrier heights and energies of reaction (electronic) for steps in a HONO-regeneration pathway at the
GIL/ωB97X-D/6-311++G** level of theory
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(a) HNO3 + HONO −−−⇀↽−−− ONONO2 + H2O (b) NO2 + NH2OH −−−⇀↽−−− HONO + NH2O

(c) NO2 + NH2O −−−⇀↽−−− HONO + HNO (d) NO2 + HNO −−−⇀↽−−− HONO + NO

(e) ONONO + H2O −−−⇀↽−−− 2HONO

Fig. 5 Optimized condensed-phase geometries for transition states in a HONO-regeneration pathway at the
GIL/ωB97X-D/6-311++G** level of theory

relative energies of intermediates, products, and transition states in good agreement with reference DFT (or ab initio)
data, while including as little of this reference data as possible.
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